The deoxyxylulose phosphate (DXP) pathway was completely elucidated in 2002 as the alternative pathway of isoprenoid biosynthesis in Escherichia coli.
Schwarz and Arigoni suggested that monoterpenoids, diterpenoids, tetraterpenoids are biosynthesized from the DXP pathway in plastids, whereas triterpenoids and sterols derive from the classical mevalonate (MVA) pathway in the cytoplasm.
3) However, the contributions of both pathways between the two compartments have been shown to different according to plant species and type of cultures.
2) Many studies have since re-investigated the genuine source of isoprene units in order to better understand the biosynthesis of terpenoid compounds.
Croton stellatopilosus OHBA (formerly named C. sublyratus KURZ., Euphorbiaceae) 4) contains the mucosal protective factor-enhancing antiulcer agent, plaunotol. 5) Plaunotol has therapeutic effects for peptic ulcers including Helicobacter pylori-associated and non-steroidal anti-inflammatory drug induced ulcers. 6) Biosynthetically, plaunotol is formed from geranylgeranyl diphosphate, a general precursor of diterpene compounds. Geranylgeranyl diphosphate (GGPP) phosphatase then cleaves the phosphate group from GGPP yielding geranylgeraniol (GGOH). 7) Finally, GGOH is hydroxylated at C-18 by geranylgeraniol 18-hydroxylase, affording plaunotol ( Fig. 1 ). 8) We have previously reported a study on the biosynthesis of plaunotol, an acyclic diterpene alcohol, in C. stellatopilosus young shoots. The results suggested that four isoprene units in the skeleton of plaunotol are exclusively supplied from the DXP pathway. 9) Earlier studies on the phytochemicals and their localization demonstrated that production of intermediates for terpenoid biosynthesis was related to chloroplastforming cells. 10, 11) However for the early steps of isoprenoid biosynthesis in C. stellatopilosus, there is lack of knowledge about genes and enzymes, which have not as yet been reported. Therefore, the objective of this work is to study the genes encoding the 1-deoxy-D-xylulose 5-phosphate synthase (CSDXS) and 2C-methyl-D-erythritol 4-phosphate synthase (CSMEPS) from C. stellatopilosus. Expression profiling of the CSDXS and the CSMEPS in leaves, twigs and roots were investigated in terms of the levels of mRNA expression and plaunotol accumulation. The results obtained from this study will be useful for understanding the plaunotol biosynthetic pathway, which may lead to enhance plaunotol production either in intact plants or plant cell cultures by metabolic engineering.
MATERIALS AND METHODS

Plant Materials
Young leaves of C. stellatopilosus were collected from a two-year old plant, which grows in the botanical garden of the Faculty of Pharmaceutical Sciences, Prince of Songkla University (PSU), Hat Yai Campus, Songkhla, Thailand. A voucher specimen was deposited in the Southern Center of Thai Traditional Medicine, Faculty of Pharmaceutical Sciences, PSU. Leaves were frozen immediately in liquid nitrogen and stored at Ϫ80°C until required.
Total RNA Isolation and cDNA Preparation Total RNA was isolated using an RNeasy Plant Mini Kit (Qiagen). Cloning of CSDXS The full-length cDNA of CSDXS has been cloned and characterized. 12) Cloning of CSMEPS Primers used in this study are shown in Table 1 . The core fragment was amplified from degenerate primers using the following PCR program: 95°C for 3 min, 35 cycles of 95°C for 1 min, 50°C for 2 min, 72°C for 3 min and 72°C for 10 min.
For the 5Ј and 3Ј ends cloning, gene specific primers were designed according to the nucleotide sequence of the core fragment. For the 3Ј-end fragment, the PCR product was obtained from two cycles of PCR using primers 3ЈP-228S and RACE32 for the first PCR and primers 3ЈP-374S and RACE17 for the second PCR. For the 5Ј-end fragment, an Aaddition kit (Qiagen, Germany) was used to add a poly A-tail to the 5Ј-end. In the same manner, the PCR product for the 5Ј-end was obtained from two cycles of PCR using primers RACE32 and 5ЈP-180A for the first PCR and primers RACE17 and 5ЈP-142A for the second PCR. The amplification of 5Ј and 3Ј PCR products were followed by a PCR program that consisted of 95°C for 3 min, 35 cycles of 95°C for 1 min, 50°C for 2 min, 72°C for 3 min and final extension at 72°C for 10 min.
For full-length gene amplification, the PCR reaction was performed using PDXR-S1 and PDXR-A1 as primers, the product was purified and then used as the template for the nested PCR using PDXR-S2 and PDXR-A2 as primers. The amplification of the PCR products were followed by PCR programs consisting of 95°C for 3 min, 40 cycles of 95°C for 1 min, 45°C for 1st PCR and 58°C for 2nd PCR for 2 min, 72°C for 3 min and final extension at 72°C for 10 min.
PCR products were purified by using a QIA quick PCR purification kit (Qiagen) and ligated to a pDrive cloning vector (Qiagen). The ligation mixture was chemically transformed into Escherichia coli TOP-10 (Invitrogen) competent cells. Transformants were selected by amplicillin LB-agar plates. Recombinant plasmids were extracted, cut with EcoRI and the insertion was analyzed on agarose gel electrophoresis.
DNA Sequencing and Sequence Analysis The DNA fragments were sequenced using a BigDye ® Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems, U.S.A.). After amplification, the samples were separated in an ABI PRISM ® , Applied Biosystems 3700 DNA analyzer, equipped with computer workstation Model 3100, Version 3.7. Comparative analyses of nucleotide sequences and deduced amino acid sequences were performed using Blast programs (http://www.ncbi.nlm.nih.gov/BLAST/) and DNASIS v3.5 software. Multiple alignments were conducted through Clustal W (2.0) and BioEdit v7.0.5. -228S  TGTTGTTACTGGTATAGTCGG  3ЈP-374S  GCTGCAATAGAAGCTGGAAAA  5ЈP-142A  TGCAAGTGCCACCACTTTAAA  5ЈP-180A  TTCACCTGATCAGCAAGAAGA  RACE17  GACTCGAGTCGACATCG  RACE32 GACTCGAGTCGACATCGATTTTTTTTTTTTTT Specific primers for full-length cloning PDXR-S1 TTTTCCATTCTATCCCCA PDXR-S2 AATTGGGGTACCATGGCTCTTAATTTG PDXR-A1 TATAACACCTATCCTCCA PDXR-A2 TTGATGCTGCAGTCATGCAAGAACAGGAC Semiquantitative RT-PCR of C. stellatopilosus DXS and MEPS Genes The CSDXS and the CSMEPS transcripts were determined using semiquantitaive RT-PCR technique. Parallel reactions on each RNA samples for partial genes of CSDXS, CSMEPS and for a house-keeping gene (18S rRNA) were conducted. cDNA of each tissues were prepared as mentioned above. Sets of primers were used to amplify CSDXS, CSMEPS and 18S rRNA fragments as shown in Table 2 . The PCR products were separated by 1.2% (w/v) agarose gel electrophoresis and stained with ethidium bromide. Band intensities was measured by a Gel Doc Model 1000 (Bio-Rad, U.S.A.) equipped with Molecular Analyst Determination of Plaunotol Content by GC Samples including leaves, twigs and roots were separately prepared as described previously.
11) Briefly, dried samples (2 g) were extracted with 10 ml of absolute ethanol under reflux for 1 h, and filtered. The filtrate was evaporated (Speedvac Plus SC210A, Savant, Holbrook, NY, U.S.A.) and the residue was re-dissolved in 50% (v/v) methanol. A solution of 10% (w/v) NaOH was added to give a final content of 1% (v/v) and the mixture was heated at 70°C for 30 min. The solution was then partitioned with n-hexane three times. Pooled n-hexane fractions were dried under reduced pressure. For GC analysis, the extract was dissolved in 200 ml of n-hexane. The clear solution was subjected to a GC Agilent 6850 instrument equipped with an FID detector. The GC conditions were HP1 methylsiloxane column (GC-Hewlett Packard, CA, U.S.A.), 30 mϫ0.32 mm i.d., 0.25 mm film thickness, flow rate 1.0 ml/min helium; splitless injection; temperature program from 235°C (hold 1 min) to 280°C (rate 15°C/min) and hold of 2.5 min; injector temperature 220°C; detector temperature 280°C and sample size 1.0 ml. Plaunotol was eluted at 5.5 min. The peak areas were converted to concentration by using a plaunotol standard calibration curve (linearity range 0.01-0.5 mg/ml with R 2 of 0.999). Samples were carried out in triplicate.
RESULTS AND DISCUSSION
cDNAs encoding the full-lengths of the CSDXS 12) and the CSMEPS genes were cloned and identified. The cDNA of the CSMEPS contained 1404 bp nucleotides and the CSMEPS protein had 468 amino acid residues with a predicted molecular mass of 50.6 kDa and a calculated isoelectric point of 5.64 (http://au.expasy.org/tools/pi_tool.html). The TargetP 1.1 predicted that the CSMEPS was located in the chloroplast (cTP 0.89) and the transit peptide contained 44 amino acid residues downstream from the N-terminal. Thus, the mature CSMEPS after cleavage from the chloroplast transit peptide consisted of 423 amino acids. The cDNA of the CSDXS and the CSMEPS genes were submitted to GenBank, NCBI as accession numbers AB354578 and EF451544, respectively.
The deduced amino acid sequence of the CSMEPS was performed by protein-protein blast using the BlastP tool (http://www.ncbi.nlm.nih.gov/BLAST/Blast.cgi#). Multiple alignments of the deduced amino acid sequences of selected plant MEPSs were performed through CLUSTAL W (2.0). Among the plant MEPSs, the CSMEPS exhibited high identities varying from 77-91%. Particularly, it had a relationship to the MEPS from Hevea brasiliensis as shown by the 91% identity. The CSMEPS was also highly similar to angiosperm plant MEPSs, for instance, Arabidopsis thaliana (84% identity), Catharanthus roseus (85% identity) and gymnosperm such as Ginkgo biloba (77% identity) (Fig. 2) . As shown in Fig. 2 , the plant MEPSs contained the major characteristic of the chloroplast transit peptide at the N-terminal. This leader sequence is essential for translocation of the enzyme into a plastid to the terpenoid biosynthetic site. The transit peptide cleavage site of the CSMEPS appeared in front of a conserved CS motif (residues 44 of CSMEPS) as suggested by the TargetP 1.1 (Fig. 2) . Downstream of the Nterminal, an extended proline-rich region was found, that contained seven amino acid residues (PPPAWPG). The most important characteristic of the MEPSs is the NADPH binding motif (GSTGSIGT), which is essential for the catalytic activity. In addition, catalytic amino acid residues of MEPS, suggested from the E. coli DXR, 13) such as histidine (residues 223, 269, 318 of CSMEPS) and glutamate (residue 291 of CSMEPS) were also found (Fig. 2) . Based on this finding, the MEPS, thus, belongs to the oxidoreductase family. 14) The finding that the carbon building blocks of the plaunotol are from IPP units, supplied from the DXP pathway, 9) allows us to postulate that the plaunotol biosynthesis utilizes the intermediates from the DXP pathway (Fig. 1) . The pioneer study in Arabidopsis thaliana suggested that CLA1 is required for chlorophyll formation. 15) Later, the CapTKT1 and CapTKT2 from Capsicum annuum were co-localized in the plastids and required for chromoplast development. 16) The CLA1 and TKT2 have been further identified as the 1-deoxy-D-xylulose 5-phosphate synthase (DXS) protein. Several studies have since supported DXS having a limiting role for isoprenoid biosynthesis in higher plants. As shown in the study on transgenic Lavendula latifolia, the incorporation of the DXS into the plant genome enhanced production of essential oils of lavender. 17) In the case of 2C-methyl-D-erythritol 4-phosphate synthase (MEPS) protein, it was shown to have an important role in carotenoid biosynthesis of Lycopersicon esculentum. 18) However, these works concluded that the MEPS mRNA of tomato were similar level throughout tomato fruit development. 18) This evidence suggested that the DXS and the MEPS are essential for plastid formation and carotenoid production, but play a different role in isoprenoid biosynthesis.
In order to perceive the physiological roles of the CSDXS and the CSMEPS in plaunotol biosynthesis, the expression 854 Vol. 31, No. 5 5ЈP-142A TGCAAGTGCCACCACTTTAAA 18S rRNA 18S-0.5F CAAAGCAAGCCTACGCTCTG 531 18S-0.5R CGCTCCACCAACTAAGAACG levels of those genes were determined in relation to their ability to produce plaunotol. A previous study reported that the plaunotol was accumulated mainly in leaves, however, it was also found to accumulate in the flower and stem, in albeit low amounts. 19) As mentioned earlier, the plaunotol biosynthesis is performed via the DXP pathway dominantly 9) and it has been hypothesized to be located in the chloroplast organelle.
10) Therefore, C. stellatopilosus leaves, twigs and roots were selected and used as investigative organs. The correlation between the patterns of the CSDXS and the CSMEPS expressions and plaunotol accumulations suggest the function of both genes in plaunotol biosynthesis. The results showed that the CSDXS and the CSMEPS expressions were affected by different organs of C. stellatopilosus as shown in Fig. 3 . The CSDXS and the CSMEPS transcripts were detected in leaves and twigs, but barely in roots. Quantitative analysis of plaunotol content by GC revealed that plaunotol was accumulated in leaves and twigs. Plaunotol was not detected in the non-chloroplastic organelles such as roots. From this data, it can be concluded that the CSDXS and the CSMEPS are associated with the plaunotol production in the chloroplastic tissues in C. stellatopilosus.
Our results in C. stellatopilosus are in agreement with studies in Coleus forskohlii, 20) Elaeis guineensis 21) and Camptotheca acuminata. 22) Those studies concluded that the MEPS protein is not a rate limiting step in the DXP pathway, however, it plays an important role in the regulation of terpenoid production. For instance, the transgenic plant of Mentha piperita with MEPS (DXR) and menthofuran synthase could significantly increase the essential oil production. 23) In the same manner, the yield of plaunotol in C. stellatopilosus may be improved by introduction of either the CSDXS or CSMEPS gene into the plant or plant tissue culture. The transgenic tissue culture could probably serve as an unlimited source of plaunotol production. However, in vitro expression, purification and characterization of the CSDXS and the CSMEPS are necessary in order to understand their catalytic actions in C. stellatopilosus. Vol. 31, No. 5 
